INTRODUCTION
============

Cellular fusion is a dramatic biological event observed in a wide variety of organisms. The fusion process has been studied independently in different species and cells: yeast, *C. elegans* epidermal cells, myoblasts, macrophages, and trophoblasts, as well as during both physiological and pathological events such as fertilization, tumorigenesis, and tissue regeneration ([@B5]). Furthermore, virus- or chemical-induced cell--cell fusion is currently an indispensable tool for studying gene expression, chromosomal mapping, antibody production, and cancer immunotherapy. Although the mechanisms underlying cellular fusion are not fully understood, some fusogens and transcription factors participating in cell type--specific processes have been identified; e.g., a fusogenic membrane protein called syncytin and transcription factor GCMa (glial cell missing) are known to be required for placental development ([@B24]; [@B34]; [@B52]). In addition to Eff-1 and FUS-1 in *C. elegans* epithelial cell fusion, Duf, Rst, and other immunoglobulin (Ig) domain-containing transmembrane proteins are essential for muscle cell fusion and development ([@B33]; [@B38]; [@B26]; [@B22]; [@B35]). While most of these molecules are specific to certain systems, a few such as the guanine-nucleotide exchange factors (e.g., Dock180 and Brag2) are involved in myoblast as well as macrophage fusion ([@B29]). However, the dynamics of cell--cell adhesion, alignment, and membrane mixing are apparently quite similar among the fusion processes of these cell types, and it is therefore conceivable that cytoskeletal rearrangement is finely regulated during the course of cell fusion.

Calponin was originally identified as a molecule binding to F-actin, calmodulin, and tropomyosin and to be involved in regulating the contraction/relaxation cycle in smooth muscle cells ([@B40]; [@B41]). Three CNN family proteins are characterized by the N-terminal calponin homology domain (CHD) and a middle region containing actin binding site 1 (ABS1) and ABS2, and are distinguished from each other by their unique C-terminal tails ([@B41]; [@B37]; [@B2]; [@B27]; [@B32]): basic, neutral, and acidic CNNs, or CNN1, CNN2, and CNN3, respectively. In this study we carried out a proteomic search for fusion-related molecules in BeWo choriocarcinoma cells and found calponin3 (CNN3) to be required for cellular fusion. This novel function of CNN3 was associated with actin cytoskeletal rearrangement regulated by phosphorylation of the CNN3-specific C-terminal region.

MATERIALS AND METHODS
=====================

The following reagents and antibodies were used: mouse monoclonal anti-E-cadherin IgG from BD Bioscience (Franklin Lakes, NJ); mouse monoclonal anti-desmoplakin 1/2 IgG from Progen (Heidelberg, Germany); mouse polyclonal anti-human CNN3 IgG from Abnova (Taipei, Taiwan), mouse monoclonal anti-FLAG (M2) IgG, and mouse monoclonal anti-actin IgG from Sigma (St. Louis, MO); rabbit polyclonal anti-CNN3 IgG and anti--syncytin-1 from Santa Cruz (Santa Cruz, CA); rabbit polyclonal anti-FLAG IgG from Cell Signaling (Danvers, MA); ProQ-Diamond Phosphoprotein Gel Stain and SYPRO Ruby from Molecular Probes (Eugene, OR); lysylendopeptidase (*Achromobacter lyticus* protease I) from Wako (Osaka, Japan); trypsin (Sequence Grade Modified Trypsin, from porcine pancreas) from Promega (Madison, WI).

Phospho-Specific CNN3 Antibodies
--------------------------------

Anti-CNN3 pS293 and pS296 rabbit antibodies were raised against phosphorylated peptides: N′-CQGTGTNG(phos)SEI; and N′-EISD(phos)SDYQAEC (MBL, Nagoya, Japan). Antibodies were affinity-purified from serum by using the corresponding phosphorylated peptide-coupled agarose beads. The phospho-specific antibodies were then affinity-purified by immunoadsorption with nonphosphorylated peptides. The specificities of the resulting antibodies were verified by ELISA.

Cloning and Site-Directed Mutagenesis of Human CNN3
---------------------------------------------------

Human CNN3 cDNA was amplified from the random-primed in-house cDNA library of BeWo cells (American Type Culture Collection, Manassas, VA) and inserted into a XhoI/EcoRI site of pENTR/flag to generate N-terminal Flag-tagged CNN3, or a XhoI/BamHI site of EYFP-C1 (Clontech, Mountain View, CA) to generate EYFP-CNN3. C-terminal deletion (ΔC) or site-directed mutagenesis was performed using a KOD-Plus Mutagenesis kit (TOYOBO, Osaka, Japan) according to the manufacturer\'s protocol. For the ΔC mutant, a stop codon followed by an EcoRI site was introduced by PCR.

Cell Culture, Treatment, Transfection, and Transduction of Lentivirus Vectors
-----------------------------------------------------------------------------

BeWo cells constitutively expressing fluorescent protein (CFP-Nuc or DsRed) were maintained in an undifferentiated state in F12 Ham medium (Wako) supplemented with 10% fetal bovine serum (FBS). Differentiation was induced by treatment with 50 μM forskolin (Wako), for up to 96 h ([@B48]; [@B23]; [@B21]) with daily exchange of the forskolin-containing medium. Recombinant lentiviruses kindly provided by Dr. Hiroyuki Miyoshi (RIKEN BRC, Ibaraki, Japan) were produced by transient transfection of HEK293T cells according to reported protocols ([@B53]; [@B25]). Briefly, subconfluent HEK293T cells were cotransfected with 20 μg of a self-inactivating (SIN) vector, 10 μg of a pCAG-HIVgp and 10 μg of a pCMV-VSV-G-RSV-Rev by calcium phosphate precipitation. The medium was changed 18h later, and the recombinant lentivirus vectors were harvested after an additional 48h incubation.

Detection of CNN3 in Placenta
-----------------------------

Human placentas at 21 and 37 wk gestation were obtained, under informed consent, after elective abortion and Caesarian section, respectively, and transferred to our laboratory after anonymization according to the Ethical Guidelines for Clinical Research in Osaka Medical Center and Research Institute for Maternal and Child Health. The placentas were cut into small pieces, which were then fixed with formaldehyde and paraffin-embedded. Mouse placentas were isolated at 8.5--12.5 dpc and subjected to the same fixation and embedding procedures as the human placentas. For immunohisotochemistry, rabbit polyclonal IgG against human CNN3 was used for these human and mouse tissues, and peroxidase-based color development was performed using ABC and AEC (3-amino-9-ethylcarbazole) kits (Vector, Burlingame, CA).

Detection of Cell Fusion in BeWo Cells
--------------------------------------

After fixation with 4% paraformaldehyde, cells were immunostained for E-cadherin and desmoplakin with monoclonal antibodies, and cell nuclei were counterstained with DAPI. Photographs were taken with an Olympus microscope IX51 (Tokyo, Japan) equipped with a cooled charge-coupled device camera, and the images were prepared for presentation using Q-Capture Pro. For BeWo or BeWo/HEK293 cell fusion, the cells constitutively expressing DsRed and CFP-Nuc were harvested by trypsinization, mixed at a ratio of 1:1 for BeWo or 2:1 for BeWo/HEK293 and then seeded in microplate wells (22 mm diameter) at a density of 2 × 10^4^ cells/ml. After cell adhesion, the cells were fed daily with forskolin-containing media. The fusion frequency was counted as fusion induction, represented by the number of nuclei in DsRed and CFP-Nuc double positive syncytia against the total number of nuclei in the DsRed-positive cells, as determined by microscopic observation (×100 magnification). The degree of maturation was calculated as the fusion index, which was represented by the average number of nuclei per DsRed and CFP-Nuc double positive cells, as determined by microscopic observation (×100 magnification).

shRNA-Induced Degradation of CNN3
---------------------------------

The shRNA-encoding lentiviral vectors were created by inserting the annealed complementary oligonucleotides into the BamHI and HindIII site located at the 3′ end of a human U6 promoter-containing the pENTER4 vector. The shRNAs in pENTR4 were then subcloned into a CSII-RfA-CMV-GFP or a CSII-RfA-CMV-CFP-Nuc vector by an L-R clonase reaction (Invitrogen, Carlsbad, CA) according to the manufacturer\'s protocol. Purified lentiviruses allow simultaneous expression of both shRNA and marker genes. The sequences for the coding strand of shRNA were (5′--3′) GATCCGTCGACTGTGGATTGGCATCTGTGAAGCCACAGATGGGATGCCAATCCACAGTCGACTTTTTTA and (5′--3′) AGCTTAAAAAAGTCGACTGTGGATTGGCATCCCATCTGTGGCTTCACAGATGCCAATCCACAGTCGACG for controls, (5′--3′) GATCCGCACATGCTCGGAAGGAAACTGTGAAGCCACAGATGGGTTTCCTTCCGAGCATGTGCTTTTTTA and (5′--3′) AGCTTAAAAAAGCACATGCTCGGAAGGAAACCCATCTGTGGCTTCACAGTTTCCTTCCGAGCATGTGCG for hCNN3 shRNA1, (5′--3′) GATCCGGCTCAACACCTTGCTCATCTGTGAAGCCACAGATGGGATGAGCAAGGTGTTGAGCCTTTTTTA and (5′--3′) AGCTTAAAAAAGGCTCAACACCTTGCTCATCCCATCTGTGGCTTCACAGATGAGCAAGGTGTTGAGCCG for hCNN3 shRNA2.

Immunoblot Analysis
-------------------

Cells were washed twice with ice-cold PBS, scraped, and lysed at 4°C in a buffer containing 20 mM Tris-HCl pH 7.2, 150 mM NaCl, 0.1% NP-40, 0.5% Triton-X 100, 5 mM EDTA, 1 mM Na~3~VO~4~, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 μg/ml aprotinin, and 1 mM dithiothreitol (DTT) and then centrifuged at 15,000 × *g* for 15 min. The supernatants were collected and the protein concentrations were determined by the Bradford method (Bio-Rad, Hercules, CA). Equal amounts of proteins were loaded on a 10% SDS-PAGE gel, and then transferred to PVDF membranes (Schleicher & Schuell, Dassel, Germany). The membrane was incubated with primary and secondary antibodies for 1h each and detection was performed using an ECL kit (GE Healthcare, Piscataway, NJ) according to the manufacturer\'s instructions.

Purification of CAPMPs from the Apical-PM Protein Fraction
----------------------------------------------------------

PMs from BeWo cells were isolated using a cationic colloidal silica method ([@B4]; [@B13]; [@B36]; [@B14]; [@B30]). The cells were washed twice with ice-cold PBS (−), then with PM coating (PMC) buffer (0.5 mM CaCl~2~, 1 mM MgCl~2~, 20 mM MES, 135 mM NaCl, pH 5.3). The cells were next incubated in a 5% suspension of cationic colloidal silica (Sigma-Aldrich, St. Louis, MO) in PMC buffer on ice for 1 min. The solution phase was removed, and the cells were washed with PMC buffer to remove excess silica. The cells were then incubated in a 10 mg/ml polyacrylic acid (Sigma) solution with PMC buffer at pH 6.1 on ice for 1 min. The polyacrylic acid solution was removed, and the cells were washed with PMC buffer. The cells were washed briefly in lysis buffer (2.5 mM imidazole, pH 7.0) and then incubated with lysis buffer containing a protease inhibitor (1 mM PMSF and 50 μg/ml aprotinin) on ice for 30 min. The cells were scraped and the cell suspension was recovered and homogenized by 20 strokes with a Dounce homogenizer. The lysate was mixed with an equal volume of 100% Nycodenz and then placed over a 1.0 ml layer of 70% Nycodenz. The tube was topped off with lysis buffer and then centrifuged in a swing bucket at 20,000 × *g* for 30 min. After removal of the layer containing nuclei, the pellet containing silica-coated PMs was washed three times with lysis buffer. CAPMPs were extracted from the silica-coated PMs by incubation in 100 mM Na~2~CO~3~, at pH 11.4 on ice for 30 min followed by centrifugation at 12,000 × *g* for 10 min ([@B18]; [@B13]). Back extraction was performed once with the same procedure except for omission of the 10 min centrifugation.

Two-Dimensional Electrophoresis (2-DE)
--------------------------------------

The CAPMPs were precipitated with trichloroacetic acid (TCA) and then washed with ethanol. The pellet was solubilized in 2-DE buffer (7M urea, 2M thiourea and 4% CHAPS), and a 40 μg sample was subjected to 2-DE using an IPG strip (13 cm, pH4-7L) (GE Healthcare) for the first dimension separation. Fluorescent detection was carried out for phosphoproteins using ProQ-Diamond Phosphoprotein Gel Stain according to the manufacturer\'s protocol, and the images were acquired with a FluoroPhoreStar 3000 (Anatech, Tokyo, Japan). Subsequently, the gels were washed and stained with SYPRO Ruby to visualize total proteins.

RESULTS
=======

Identification of Calponin 3 as a Fusion-Related Protein
--------------------------------------------------------

BeWo cells differentiate to form syncytiotrophoblasts via a cyclic AMP-dependent pathway after forskolin treatment ([@B48]; [@B21]). Syncytium formation is usually observed by immunostaining for E-cadherin or desmoplakin localized at intercellular boundaries ([@B21]), but discriminating between multi- and mononuclear cells is often quite difficult ([Figure 1](#F1){ref-type="fig"}A). To overcome the problem, we developed a differential coloring system by using coculture \[e.g., red fluorescent protein in the cytoplasm (DsRed cells) and enhanced-cyan fluorescent protein with a nuclear localization signal (ECFP-Nuc cells)\] to visualize fusion by detecting DsRed/ECFP-Nuc-double positive cells ([Figure 1](#F1){ref-type="fig"}B). DsRed/ECFP-Nuc-double positive syncytia were detected after 2-d forskolin treatment, but fusion efficiency was \<*5*% for homotypic BeWo/BeWo cell fusion ([Figure 1](#F1){ref-type="fig"}B). In contrast, heterotypic fusion of BeWo with HEK293 cells, which formed a huge hybrid syncytium, was found to be more efficient ([Figure 1](#F1){ref-type="fig"}C), allowing robust proteomic analysis.

![Identification of CNN3 as a fusion-related protein. (A) BeWo cell fusion visualized by the conventional staining with anti--E-cadherin or anti-desmoplakin in combination with nuclear staining with DAPI. Cells were treated with or without 50 μM forskolin for 48 h. Arrows indicate a syncytium in which these marker proteins were translocated and diffused into the cytoplasm. Scale bar: 50 μm. (B) Detection of forskolin-induced syncytium between DsRed- and CFP-Nuc-expressing BeWo cells. A syncytium is easily recognized by the cyan-colored multiple nuclei within the homogeneously red-colored cytoplasm, whereas unfused cells have either red cytoplasm or cyan nuclei. Scale bar: 100 μm. (C) Heterologous fusion of CFP-Nuc--expressing HEK293 cells with BeWo cells expressing DsRed. The incidence of BeWo/HEK293 fusion was higher than that of homologous BeWo cell fusion, and the hybrid syncytium was much larger than that of BeWo-derived homologous syncytium. Scale bar: 250 μm. The broken lines in B and C show the periphery of the syncytium. (D) Cytoplasmically attached peripheral membrane proteins (CAPMPs) isolated from BeWo/HEK293 coculture were separated by 2-DE. The gels were stained with ProQ Diamond phospho-specific staining (top panels) or SYPRO Ruby protein staining (middle panels). A spot (arrow) among a series of protein spots in inset was subjected to in-gel digestion followed by peptide mass fingerprinting, and CNN3 was identified. All these spots in line were confirmed to be CNN3 by Western blotting (bottom panels). (E) Endogenous CNN3 was immunopurified using anti-CNN3 antibody from total cell lysate (TCL) of the cells incubated with 50 μM forskolin for the indicated times. The phosphorylation status of CNN3 was analyzed by ProQ Diamond phospho-specific staining, and the same gel was stained by Sypro Ruby to verify each sample equal in the amount of CNN3. "B + 293" indicates a BeWo/HEK293 mixed culture. (F) Western blot of CNN3 in the TCL or the CAPMP fraction from BeWo cells in the presence or absence of 50 μM forskolin for 72 h.](zmk0221096600001){#F1}

To identify fusion-related molecules in the plasma membrane (PM), "cytoplasmically attached peripheral membrane proteins" (CAPMPs) were isolated from the PM fraction using cationic colloidal silica ([@B4]; [@B13]). Two-dimensional electrophoresis (2-DE) followed by ProQ Diamond staining and peptide mass fingerprinting identified several cytoskeletal, transmembrane protein-associated molecules showing altered expressions, isoelectric points, and/or phosphorylation levels in response to forskolin treatment (Supplemental Table 1). Among them, we focused on CNN3, or acidic CNN (Supplemental Table 2), because this molecule was believed to be involved in cytoskeletal rearrangement and thereby to be related to membrane mixing and fusion. CNN3 was identified in at least five spots by 2-DE followed by Western blotting ([Figure 1](#F1){ref-type="fig"}D, bottom panels). After forskolin treatment, the intensity of acidic spots was decreased, and ProQ Diamond staining suggested this change to be due to dephosphorylation ([Figure 1](#F1){ref-type="fig"}D). To confirm the change in CNN3 phosphorylation levels with fusion induction, endogenous CNN3 molecules were immunoprecipitated and phospho-CNN3 was detected by ProQ-Diamond staining. The overall phosphorylation level of CNN3 was decreased in both homotypic BeWo/BeWo and heterotypic BeWo/HEK293 fusion, while CNN3 protein levels were unchanged ([Figure 1](#F1){ref-type="fig"}, E and F). In the absence of BeWo cells, HEK293 cells did not fuse with each other (data not shown) and there were no other associated changes in CNN3 phosphorylation even with forskolin treatment ([Figure 1](#F1){ref-type="fig"}E). These results suggest CNN3 to have multiple phosphorylation sites and that CNN3 undergoes dephosphorylation during BeWo cell fusion. RT-PCR analysis showed no expression of other members of the CNN family (i.e., CNN1 and CNN2, in BeWo or HEK293 cells) (Supplemental Fig. S1A).

In Vivo CNN3 Expression in the Placental Tissues of Humans and Mice
-------------------------------------------------------------------

BeWo is a human choriocarcinoma cell line. In the human placenta, cytotrophoblasts fuse together to form syncytiotrophoblasts or fuse with syncytiotrophoblasts, replenishing the syncytium that covers the surfaces of chorionic villi. To investigate CNN3 expression in vivo, chorionic villi in human placenta were analyzed by immunohistchemistry. As shown in [Figure 2](#F2){ref-type="fig"}A, CNN3 was expressed in cytotrophoblasts beneath the syncytiotrophoblast layer but not in this layer itself. In term placenta, the population of cytotrophoblasts is quite small, and CNN3 expression was observed only in endothelial cells in chorionic villi. This histological distribution indicated that CNN3 expression disappears during the course of tropoblastic cell differentiation.

![CNN3 expression in human and mouse placental tissues. (A) Immunohistochemistry of chorionic villi of human placentas at 21 and 37 wk of gestation. CNN3 was detected in the cytotrophoblasts (black arrowheads) and fetal endothelial cells (white arrowheads) but not in the syncytiotrophoblast layer (arrows). (B) Histology of mouse placenta. Transverse sections (4 μm) were stained with hematoxylin/eosin. A few maternal blood sinuses (arrowheads) and fetal blood vessels (arrows) are found within the labyrinth region. Localizations of the labyrinth layer (la), spongiotrophoblast layer (sp), and maternal decidua (d) are indicated. (C) Immunohistochemistry of mouse placental tissues at 8.5 dpc (a, d), 10.5 dpc (b, e), and 12.5 dpc (c, f). CNN3 was detected in the labyrinth layer and maternal deciduas.](zmk0221096600002){#F2}

In mice, the labyrinth is a tissue in which trophoblasts differentiate and fuse to form a syncytiotrophoblast layer (for review see [@B31]). As shown in [Figure 2](#F2){ref-type="fig"}, B and C, CNN3 was detected in both labyrinth and maternal deciduas at 10.5 dpc but not in the spongiotrophoblast layer at any time during placental development. CNN3 was expressed by fetal endothelial cells as well ([Figure 2](#F2){ref-type="fig"}C, panel f). These observations suggested CNN3 to play a role in placental development in both human and mouse.

CNN3 Depletion by RNAi Enhances BeWo Cell Fusion
------------------------------------------------

To study the role of CNN3 in trophoblastic cell fusion, lentivirus vector-based RNA-interference (RNAi) constructs, which allowed simultaneous expressions of a short hairpin RNA (shRNA) and a marker protein, either enhanced yellow-green fluorescent protein (EYFP) or ECFP-Nuc, were introduced into BeWo cells. The resulting depletion with either CNN3 RNAi sequence was at least 90%, as demonstrated by Western blotting (Supplemental Fig. S1B). Phalloidin staining revealed that the CNN3 gene knockdown induced morphological change in BeWo cells. In contrast to the cubic and island-like morphology of control cells, the CNN3-depleted cells had a broad, flat cytoplasm ([Figure 3](#F3){ref-type="fig"}A). This observation of morphological change was supported by Phalloidin staining for F-actin. As shown in [Figure 3](#F3){ref-type="fig"}A, actin bundles disappeared from CNN3-depleted cells even in the absence of forskolin. Furthermore, CNN3 depletion promoted syncytium formation even in the absence of forskolin and was further augmented by forskolin treatment ([Figure 3](#F3){ref-type="fig"}, A and B), as were the morphological features described above. These results indicated that CNN3 prevents BeWo cells from undergoing cell--cell fusion.

![CNN3 gene knockdown. (A) Control or CNN3-specific shRNA was introduced into BeWo cells expressing EYFP or CFP-Nuc. After washing, different marker expressing cells were trypsinized and mixed in the culture in the absence or presence of 50 μM forskolin for 72 h. After fixation, cells were stained with Alexa Fluor 568-conjugated phalloidin (red). Scale bar: 40 μm. Arrows indicate the multinucleated cells identified by an EYFP/CFP-Nuc double-color system. (B) Higher magnification images of A. The cell morphology was visualized by Alexa Fluor 568-conjugated phalloidin staining. Broken lines show the periphery of the EYFP/CFP-Nuc double positive syncytium. Note that CNN3-depletion induced syncytium formation without forskolin treatment and increased the number of multinucleated cells after forskolin treatment. Scale bar: 100 μm.](zmk0221096600003){#F3}

Syncytin is a fusogenic protein playing a central role in trophoblast fusion in both humans and mice, and the expression is regulated by GCMa, a cAMP-responsible transcription factor ([@B24]; [@B11]; [@B7]; [@B8]). In this study, syncytin-1 expression levels were decreased by forskolin treatment for BeWo cell fusion as reported by Vargas *et al.* ([@B46]), and this syncytin-1 down-regulation was suppressed by CNN3 knockdown (Supplemental Fig. S1C). These findings suggested that CNN3 might regulate syncytin-1 expression or affect stabilization of this membrane protein. Only trophoblastic cell lines are able to induce GCMa and form syncytium in response to cAMP signaling ([@B52]), and thus neither morphological change nor syncytium formation was induced by CNN3 depletion in HEK293 cells (data not shown).

CNN3 Phosphorylation Sites Involved in Cell Fusion
--------------------------------------------------

The actin-binding property of CNN1 is regulated by kinase- and phosphatase-dependent phosphorylation/dephosphorylation of serine, threonine, or tyrosine residues. Two phosphorylation sites at Ser175 and Thr184 of CNN1 are conserved in this family ([Figure 4](#F4){ref-type="fig"}A), and phosphorylation of these residues dissociates CNN1 from F-actin in vitro ([@B28]; [@B42]; [@B20]; [@B1]).

![CNN3 phosphorylation in BeWo cell fusion. (A) Comparison of the amino acid sequences of human CNN family proteins. CNN1 phosphorylation sites are indicated by asterisks. The sequence of ΔC mutant is truncated after Cys274 (arrow). (B) HEK293 cells transiently expressing WT or ΔC CNN3. Flag-CNN3 with a wild or Δ C sequence was recovered by immunoprecipitation from cell lysate using anti-Flag-agarose beads. The eluate was subjected to SDS-PAGE, and the phosphorylated CNN3s were visualized by ProQ Diamond phospho-specific staining (upper panel) followed by Sypro Ruby protein staining (lower panel). Note that the ΔC mutant was not phosphorylated but retained the actin-binding property. (C) Flag-tagged WT or ΔC CNN3 identified by Western blotting using anti-FLAG (left panel) or anti-CNN3 (right panel) antibodies. Each 20-μg sample of HEK293 cell lysate was loaded. (D and E) Phosphorylation levels of WT or mutant Flag-CNN3 transiently expressed in HEK293 cells. Flag-CNN3 was immunopurified using anti--Flag-agarose beads and was subjected to SDS-PAGE followed by ProQ Diamond phospho-specific staining. The ratio of phosphorylated and total CNN3 was calculated and indicated below each lane, showing decreased phosphorylation of S293A and S296A CNN3s. (F and G) BeWo cell fusion at 96 h after forskolin treatment in various mutants. The fusion frequency was counted as "fusion induction" (F), and the degree of maturation was calculated as "fusion index" (G). Data from three independent experiments were averaged, and standard deviations are indicated by error bars.](zmk0221096600004){#F4}

To determine CNN3 phosphorylation sites, Flag-CNN3 was recovered from HEK293 cells and subjected to tryptic digestion. Mass spectrometry (MS) of the phosphopeptides, enriched by TiO~2~ ([@B39]), identified at least three, two major and one minor, phosphorylation sites in the peptide corresponding to residues 272--318 (Supplemental Fig. S2, A--E) and two phosphorylation sites in a smaller peptide corresponding to residues 272--298 (Supplemental Fig. S2, F and G). These peptides are located in the acidic tail which is unique to CNN3 in the CNN family, suggesting this specific region to be involved in the regulation of fusion. Indeed, the mutant (ΔC) lacking the C-terminal sequence from residue 274 was negative for ProQ Diamond phospho-specific staining ([Figure 4](#F4){ref-type="fig"}, B and D), indicating the phosphorylation sites to be located exclusively within the C-terminal region. Sypro Ruby staining revealed similar amounts of Flag-tagged WT or ΔC CNN3 to be recovered by immunoprecipitation using anti-Flag-agarose beads. In [Figure 4](#F4){ref-type="fig"}B, a 40-kDa protein coprecipitated with Flag-tagged WT or ΔC CNN3 was identified as actin by peptide mass fingerprinting (PMF) analysis. The ΔC mutant retained its actin-binding property, because the ABS1 and ABS2 remained intact ([@B6]). Indeed, actin amounts in the immunoprecipitates were similar in cells transfected with wild-type or ΔC CNN3 before forskolin treatment.

Subsequently, to identify the phosphorylation sites of CNN3 (Supplemental Fig. S2, G and H for sequence), various Flag-CNN3 mutants were transiently expressed in HEK293 cells, and Flag-CNN3 was recovered by immunoprecipitation using anti-Flag agarose beads. The phosphorylation levels of each CNN3 mutant were evaluated by ProQ Diamond staining. Among the putative phosphorylation sites within the 272--298 region, the substitution of Ser293 or Ser296 with Ala decreased phosphorylation levels of CNN3 and these mutants also retained actin binding properties ([Figures 4](#F4){ref-type="fig"}D and [4](#F4){ref-type="fig"}E). S293/296A double mutation drastically reduced CNN3 phosphorylation ([Figure 4](#F4){ref-type="fig"}D and Supplemental Fig. S2J). S293/296 phosphorylation was also identified in BeWo cells (data not shown). None of the point mutations at other putative S/T/Y phosphorylation sites altered phosphorylation status ([Figure 4](#F4){ref-type="fig"}E), indicating Ser293 and Ser296 to be the major phosphorylation sites in the C-terminal region of CNN3.

To address whether CNN3 phosphorylation is involved in cell fusion and syncytium formation, ΔC, S293/296A, or S293/296D was introduced into BeWo cells expressing DsRed or CFP-Nuc, and the ratio of the numbers of DsRed/CFP-Nuc double positive cells to total DsRed positive cells was calculated. As shown in [Figure 4](#F4){ref-type="fig"}F, ΔC or S293/296A mutation significantly suppressed forskolin-induced cell fusion via a dominant negative effect, while the cells expressing S293/296D showed retention of fusion efficiency. The number of nuclei in the syncytium, or fusion index, decreased by 30--40% in cells expressing ΔC or S293/296A and increased by 20% in those expressing S293/296D ([Figure 4](#F4){ref-type="fig"}G). The effects of S293A and S296A mutations were additive (data not shown), and ΔC exerted the most prominent suppression on cell fusion.

Several lines of evidence indicate that CNN1 is phosphorylated by multiple kinases including Rho-associated kinase (ROCK), Erk, CaMK, and PKC ([@B49]; [@B20]). To identify CNN3-specific kinases, we performed a search using NetPosK (<http://www.cbs.dtu.dk/services/>) and found casein kinase (CK) 1/2 to be a candidate kinase for Ser296 phosphorylation. We then focused on ROCK as well as CK and carried out an in vitro phosphorylation assay using a rCNN3 substrate. ProQ Diamond phospho-specific staining revealed that the active forms of both ROCK2 and CK1 were capable of phosphorylating CNN3. Ser293 was preferentially phosphorylated by ROCK rather than CK1, while the overall phosphorylation activity of CK1 was higher than that of ROCK2 (Supplemental Fig. S1G). However, pretreatment with specific inhibitors against these kinases did not change the constitutive CNN3 phosphorylation in unstimulated BeWo cells (data not shown).

Phosphorylation Status and Subcellular Distribution of Endogenous CNN3 in Cell Fusion
-------------------------------------------------------------------------------------

We prepared antibodies separately recognizing phosphoserine at either Ser293 or Ser296 (See Supplemental Fig. S3 for properties of these antibodies). The anti-pSer293 antibody was much less reactive to Ser296A mutant than Ser296D mutant or wild-type CNN3 (Supplemental Figure 3E), suggesting that Ser296 phosphorylation preceded Ser293 phosphorylation. Next, we analyzed site-specific phosphorylation of endogenous CNN3 from different subcellular fractions. With forskolin treatment, cytosolic CNN3 was dephosphorylated at these residues ([Figure 5](#F5){ref-type="fig"}A), and phospho-S293 spots recovered from CAPMP fraction were sifted to the basic side (Supplemental Figure 1H). These results were consistent with the reduction of total CNN3 phosphorylation levels shown in [Figure 1](#F1){ref-type="fig"}E.

![Phosphorylation status and subcellular distribution of endogenous CNN3. (A) Site-specific phosphorylation of CNN3. Each 20-μg sample of the cytosolic or plasma membrane (PM) fraction from BeWo cells was subjected to SDS-PAGE followed by Western blotting using antibodies against specific phosphorylation site at S293 or S296 (see Supplemental Fig. S3 for their specificity). Enolase (cytosol) and E-cadherin (PM) were used as the control for cell fractionation. (B) Coimmunoprecipitation of actin with CNN3. Endogenous CNN3 was immunopurified from BeWo and/or HEK293 cells after forskolin treatment. Immuno-purified CNN3 or total cell lysates (TCL) were analyzed by Western blotting for actin or CNN3. (C) Dissociation of endogenous CNN3 from actin cytoskeleton in BeWo cell fusion. CNN3 was immunostained using rabbit anti-CNN3 IgG, and the cells were visualized by Alexa Fluor 488-conjugated secondary antibody (green). Subsequently, Alexa Fluor 568-conjugated phalloidin (red) and DAPI staining was performed (blue). Endogenous CNN3 in multinucleated BeWo cells was dissociated from actin cytoskeleton after forskolin treatment. Broken line shows the periphery of syncytium. Scale bar: 50 μm.](zmk0221096600005){#F5}

In [Figure 5](#F5){ref-type="fig"}B, the amount of actin bound to endogenous CNN3 was markedly decreased in both homotypic (BeWo/BeWo) and heterotypic (BeWo/HEK293) cell fusion. This result was consistent with that of Flag-tagged CNN3 shown in [Figure 4](#F4){ref-type="fig"}. Indeed, endogenous CNN3 was well colocalized with F-actin before forskolin treatment and diffused into the cytoplasm in the syncytium after stimulation, as demonstrated by microscopic observations ([Figure 5](#F5){ref-type="fig"}C).

Binding of CNN3 to Actin Cytoskeleton Is Regulated by CNN3 C-Terminal Region
----------------------------------------------------------------------------

Implications of S293/296 phosphorylation in cytoskeletal rearrangement and cell fusion were then investigated using BeWo cells expressing ΔC mutant. Compared with the wild-type CNN3 transfectant, a significant amount of actin remained bound to ΔC CNN3 at 96 h after forskolin treatment, though dissociated from actin in a time-dependent manner ([Figure 6](#F6){ref-type="fig"}A). The levels of actin and ΔC CNN3 in the total cell lysate were unchanged ([Figure 6](#F6){ref-type="fig"}A, upper panels). This result was consistent with the previous reports showing the tail region of CNNs to negatively regulate actin binding capacity ([@B6]; [@B3]). Microscopic observations of living cells revealed the YFP-tagged ΔC mutant as well as the wild-type CNN3 to be localized at stress fiber-like bundles and the cytoplasmic face of the PM before forskolin treatment ([Figure 6](#F6){ref-type="fig"}B left panels). After stimulation, wild-type CNN3 diffused into the cytoplasm, but the ΔC mutant remained at the cytoskeletal bundles ([Figure 6](#F6){ref-type="fig"}B right panels). Phalloidin staining demonstrated colocalization of wild or ΔC CNN3 with F-actin before forskolin treatment ([Figure 6](#F6){ref-type="fig"}C). The wild-type CNN3 was not colocalized with F-actin in multinucleated cells after stimulation, indicating dissociation from the actin cytoskeleton. The S293/296D CNN3 underwent a similar dislocation (Supplemental Fig. S4). In contrast, ΔC CNN3 remained at the actin cytoskeleton even in the multinucleated cells, which were found only a few among the ΔC CNN3-expressing cells and retained F-actin bundles ([Figure 6](#F6){ref-type="fig"}C). The Ser293/296A CNN3 behaved in a similar manner to the ΔC mutant, and the F-actin cytoskeleton remained after forskolin treatment (Supplemental Fig. S4). These results indicated that the phosphorylated Ser293/296 are required for dissociation of CNN3 from actin cytoskeleton and thus for efficient trophoblastic cell fusion.

![Phosphorylation-dependent association of CNN3 with actin cytoskeleton. (A) Association of ΔC CNN3 with actin. Wild-type (WT) or ΔC Flag-CNN3 expressing BeWo cells were treated with forskolin for the indicated times, and association of CNN3 and actin was analyzed by co-IP assay using anti-Flag agarose beads. Note that a significant amount of ΔC CNN3 remained in association with actin at 96h after forskolin treatment, compared with WT CNN3. (B) Subcellular localization of EYFP-CNN3. WT or ΔC EYFP-CNN3 was introduced into BeWo cells, and the localization of EYFP-CNN3 was visualized in the presence or absence of forskolin in living cells. (C) Colocalization of CNN3 and F-actin. BeWo cells expressing EYFP-CNN3 were cultivated in the presence (lower panels) or absence (upper panels) of 50 μM forskolin for 72 h. After fixation, the cells were stained by Alexa fluor 568-conjugated phalloidin (red) and DAPI (blue). Note that WT EYFP-CNN3 expressing syncytium did not colocalize with F-actin after forskolin treatment, but ΔC EYFP-CNN3 still overlapped with the F-actin even in multinucleated cells. The dotted lines show the periphery of the syncytium. Scale bar: 50 μm.](zmk0221096600006){#F6}

DISCUSSION
==========

Three CNN family proteins have an N-terminal CHD followed by a region containing actin binding sites, and the C-terminal region specifies each isoform. CNN1 is involved in regulating the contraction/relaxation cycle in smooth muscle cells. Binding of CNN1 to the actin cytoskeleton inhibits actomyosin ATPase activity ([@B9]), and is regulated by phosphorylation at the conserved residues in the ABS region by protein kinase C or Ca^2+^/calmodulin dependent protein kinase II ([@B49]; [@B20]). Gene targeting of CNN1 results in ectopic bone formation, suggesting a negative role of CNN1 in osteogenesis ([@B50]). CNN2 is involved in macrophage differentiation, and other CNN isoforms do not compensate for loss of this CNN2 function ([@B17]). These reports indicate the CNN family to be involved in differentiation as well as contractile mechanics and cellular motility. In the present study, CNN3 was shown to participate in the cytoskeletal reorganization necessary for trophoblastic fusion, playing a role similar to that of CNN2 in cytoskeletal rearrangement and migration of endothelial cells during vascular development ([@B12]; [@B43]). Depletion of CNN3 by RNAi enhanced cell fusion of BeWo cells, suggesting that CNN3 impedes the cytoskeletal rearrangement necessary for cell fusion by binding F-actin.

CNN binding to the actin cytoskeleton is conferred by ABS1 and ABS2 and the C-terminal region negatively regulates this basal property of CNN as demonstrated for CNN1 and CNN2 ([@B6]; [@B3]). We examined the C-terminal region of CNN3 and found the phosphorylation status at S293/296 to regulate CNN3 binding to the actin cytoskeleton and thereby cytoskeletal remodeling, which renders the PM flexible and cells competent to fuse. In fact, cells expressing ΔC and S293/296A mutants which lack this regulatory system displayed decreased fusion efficiency. The phenotype of cells expressing S293/296A CNN3 was mild compared with those expressing ΔC CNN3, probably due to minor phosphorylation sites remaining in the C-terminal region. On the other hand, cells expressing the S293/296D mutant displayed a fusion efficiency similar to that of those expressing wild-type CNN3. The S293/296D CNN3 was localized at F-actin bundle and actin cytoskeleton. After forskolin treatment, the cells expressing S293/296D CNN3 underwent normal processes including F-actin bundle disappearance, and the actin cytoskeleton rearrangement. In unstimulated BeWo cells, the role of Ser293/296 phosphorylation would be to keep actin cytoskeleton flexible for de novo actin polymerization and/or treadmilling. Phosphorylated CNN3 is colocalized with F-actin and undergoes release, recycling, and rebinding, while lack of C-terminal phosphorylation sites, or the regulatory tail, enhances and stabilizes the CNN3 binding to actin and reduces actin dynamics and membrane flexibility. On stimulation by forskolin, factor (or signal) "X" recognizes or binds to the phosphorylated C-terminal region, which regulates the affinity of the actin binding region to actin, and thereby CNN3 is released from F-actin. The overall process involving S293/296 phosphorylation is illustrated in [Scheme 1](#S1){ref-type="fig"}; (i) In unstimulated cells, CNN3 is constitutively phosphorylated at Ser293 and Ser296 and is associated with F-actin cytoskeleton via actin-binding sites. (ii, iii) After fusion induction, factor (or signal) "X" is induced/activated and binds to phosphorylated CNN3, which is then released from actin cytoskeleton. (iv) Dephosphorylation of S293/296 or degradation of CNN3 occurs after dissociation from actin. Up-regulation of phosphatases might be involved in the last phase. The dephosphorylated CNN3 is not recycled, because F-actin bundle, or the binding target, rapidly disappears in the forskolin-treated, fused, or unfused, BeWo cells. In summary, CNN3 phosphorylation probably plays distinct roles of regulating actin binding in a steady-state condition and of receiving factor "X" after fusion induction.

![**Model of CNN3-dependent trophoblast fusion** (I) In unstimulated cells, CNN3 is constitutively phosphorylated at Ser293 and Ser296 in the regulatory tail and is associated with F-actin cytoskeleton via actin-binding sites. (II) When cells receive a fusion signal, factor (or signal) "X" is induced/activated and binds to (or recognizes) the phosphorylated regulatory tail and triggered CNN3 dissociation from actin. The phosphomimetic S293/296D mutant responds to the signal, while ΔC and S293/296A are unresponsive and remain attached to F-actin. (III) After CNN3 release, actin bundles are rearranged and then disappeared. (IV) Released CNN3 is dephosphorylated or degradaded in cytoplasm.](zmk0221096600007){#S1}

In human placenta, CNN3 expression was markedly decreased in the course of trophoblastic cell differentiation ([Figure 2](#F2){ref-type="fig"}A), indicating CNN3 undergoes down-regulation by decreased gene expression or protein degradation after cell fusion in vivo. It has been reported that CNN2 synthesis and degradation were regulated by mechanical tension ([@B16]) and that CNNs 1 and 3 were cleaved by μ-calpain ([@B45]; [@B51]). In BeWo cells, CNN3 might be cleaved and down-regulated in mature syncytium, although we did not study the fate of CNN3 after cell fusion in vitro.

In the present study, forskolin promoted dissociation of CNN3 from actin in BeWo cells, but had the opposite effect in HEK293 cells ([Figure 4](#F4){ref-type="fig"}A). This discrepancy is probably due to a difference in motility between these cells. The cellular motility and membrane ruffling of HEK293 cells in culture are inherently much faster than those in BeWo cells, and forskolin accelerates the movement of HEK293 cells while decelerating that of BeWo cells (our unpublished observations with time-lapse imaging).

ROCK, protein kinase C, CaM kinase, and Src family kinases have been reported to phosphorylate Ser, Thr, or Tyr residues of CNN1 ([@B28]; [@B42]; [@B20]; [@B1]). In addition, a line of studies demonstrated the involvement of MAP kinase family or ROCK in labyrinth formation (for review see [@B31]; [@B15]; [@B44]). In our preliminary study, ROCK1/2 and ERK1/2 were capable of phosphorylating S293 of CNN3 in vitro, while casein kinase phosphorylated other residues (Supplemental Fig. S1H). On the other hand, it is likely that specific phosphatases are also involved in this mechanism, as protein phosphatases 1 and 2B are responsible for CNN1 dephosphorylation ([@B19]; [@B10]). Indeed, Vargas *et al.* reported acceleration of trophoblast fusion with inhibition of tyrosine phosphatase ([@B47]), and we identified altered expressions of protein phosphatase(s) alpha/beta according to BeWo cell fusion (Supplemental Table 1).

Membrane flexibility is necessary for membrane fusion, though it is not a sufficient condition. In the present study, a novel function of CNN3 in trophoblastic cell fusion was involved in cytoskeletal dynamics, which impacts on plasma membrane flexibility and mixing, consequently on cell fusion. This novel function of CNN3 was identified in myoblasts as well as trophoblasts and works in myotube formation (our unpublished observations), suggesting that regulation of actin cytoskeletal rearrangement by CNN3 is required for these cells to become fusion competent. This regulatory mechanism probably underlies a wide range of cellular events and manipulations including virus-cell fusion, hybridoma production, and stem cell--mediated tissue regeneration.
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ABS

:   Actin binding site

CAPMP

:   cytoplasmically attached peripheral membrane protein

CHD

:   calponin homology domain

CK

:   casein kinase

CNN3

:   calponin 3

DMEM

:   Dulbecco\'s modified Eagle\'s medium

DsRed

:   red fluorescent protein

DTT

:   dithiothreitol

ECFP

:   enhanced cyan fluorescent protein

EYFP

:   enhanced yellow fluorescent protein

FBS

:   fetal bovine serum

GFP

:   green fluorescent protein

HS

:   horse serum

PBS

:   phosphate-buffered saline

PM

:   plasma membrane

PMSF

:   phenylmethylsulfonyl fluoride

shRNA

:   short hairpin RNA.
